Document made available under 
Patent Cooperation Treaty (PCT) 



International application number: PCT/US05/001945 



International filing date: 



21 January 2005 (21.01.2005) 



Document type: 



Document details: 



Certified copy of priority document 

Country/Office: US 

Number: 60/538,178 

Filing date: 22 January 2004 (22.01.2004) 



Date of receipt at the International Bureau: 07 April 2005 (07.04.2005) 

Remark: Priority document submitted or transmitted to the International Bureau in 
compliance with Rule 17.1(a) or (b) 




World Intellectual Property Organization (WIPO) - Geneva, Switzerland 
Organisation Mondiale de la Propriete Intellectuelle (OMPI) - Geneve, Suisse 




fa 
mm 




m 
or 



THIS IS TO CERTIFY THAT ANNEXED HERETO IS A TRUE COPY FROM 
THE RECORDS OF THE UNITED STATES PATENT AND TRADEMARK 
OFFICE OF THOSE PAPERS OF THE BELOW IDENTIFIED PATENT 
APPLICATION THAT MET THE REQUIREMENTS TO BE GRANTED A 
FILING DATE. 



APPLICATION NUMBER: 60/538,178 
FILING DATE: January 22, 2004 

RELATED PCT APPLICATION NUMBER: PCT/US05/01945 



mm 

mm 

ill 

II 



m 
lite 





iiii 




Certified by 

Under Secretary of Commerce 
for Intellectual Property 
and Director of the United States 
PateiU and Trademark Office 



i 



lii 





00 



PTQ/san6(io-oi) 

Approved for used through 10/31/2002. OMB 0651 -0032 
Pateni and Trademark Oflice: U.S. DEPARTMENT OF COMMERCE 



PROVISIONAL APPLICATION FOR PATENT COVER SHEET 

1 

Mail Stop Provisional Patent Application 

Commissioner for Patents 

U.S. Patent & Trademark Office 

P.O. Box 1450 

Alexandria, VA 22313-1450 

This is a request for filing a PROVISIONAL APPLICATION FOR PATENT under 37 CFR 1.53 (c) 



:£go 

CO 

• co CO 



Atty. Docket No. 



UOM 0327 PRV 



INVENTOR(s) 



FIRST NAME & MIDDLE 
INITIAL 



Maysam 



Khali! 



LAST NAME 



Ghovanloo 



Najafi 



RESIDENCE (CITY & EITHER STATE OR FOREIGN COUNTRY) 



1108 Mclntyre Drive. Ann Arbor. MI 48105 



3707 Middleton, Ann Arbor. MI 48105 



Additional inventors are being named on the 



separately numbered sheets attached hereto. 



TITLE OF THE INVENTION (500 characters max.) 



Frequency Shift Keying Demodulation Methods For Wireless Biomedical Implants 



DIRECT ALL CORRESPONDENCE TO: 



CUSTOMER NO. 



22045 



ENCLOSED APPLICATION PARTS (check all that apply) 



X 

T 



Specification - Number of Pages 35 
Drawing(s) - Number of Sheets 21 
Application data sheet. See 37 CFR 1.76. 



CD(s). Number , 
Other: Specify 



METHOD OF PAYMENT OF FILING FEES (check one) 



X Applicant claims small entity status. See 37 CFR 1.27 



A check or money order is enclosed to cover the Provisional 
Filing fees. 

The Commissioner is hereby authorized to charge filing fees 
and credit Deposit Account Number: 



PROVISIONAL 
FILING FEE 
AMOUNT (S) 



$160.00 (large) 
$ 80.00 (small) 



AMOUNT SUBMITTED OR TO 
BE CHARGED TO DEPOSIT 
ACCT. 



$80 . 00 



Please charge any additional fee or credit any overpayment in connection with this filing to our Deposit Account No. 
02-3978 . 

The invention was not made by an agency of the United States Government or under a contract with an agency of the 
United States Government. 

The invention was made by an agency of the U.S. Government or under a contract with an agency of the U.S. Government. 
The name of the agency 1s National Institute of Health , and the contract number is NIH-lvTNDS-N01-NS-9-2304 

A return postcard 1s enclosed. 



Respectfully submit 

SIGNATURE _ 
REGISTRATION NO. 27 .956 




DATE January 22. 2004 

TYPED or PRINTED NAME David ft. Syrowlk 

TELEPHONE 



(248) 358-4400 



CERTIFICATION UNDER 37C.F.R. § 1.10 

I hereby certify that this correspondence is being deposited with the United States Postal Service via Express Mall 
Label No. EV354301157US in an envelope addressed to: Mail Stop Provis ional Patent Application. Commissioner for Patents. U.S. 
Patent & Trademark Office. P.O. Box 1450. Alexandria. VA 22313 -145Cfon? 



January 22. 2004 
(Date of Deposit) 



Donna Blake 



(Name of Person Signing) 





(Signature) 



BKO0 16/09-03 



PROVISIONAL APPUCATION FILING ONLY 



Invention Disclosure 



Frequency Shift Keying Demodulation Methods for Wireless 

Biomedical Implants 

Disclosure Title 



2/5/2003 



Submission Date 



7/27/2001 



Date of Invention (1 st appearance in the note book) 



Maysam Ghovanloo and Khalil Najafi 



Authors 



Center for Wireless Integrated Microsystems 



Affiliation 



University of Michigan, 1301 Beal Ave., Ann Arbor, Michigan 48109-2122, USA 
Tel: (734) 476-5738, Fax: (734) 763-9324, maysamgh@engin.umich.edu 

Contact Info. 



Page 1 of 25 



Confidential Information: Not to be disclosed or used without the permission of the University of Michigan and 
the authors. 

Invention Disclosure 

ABSTRACT 

A high data rate frequency shift keying (FSK) data transfer protocol and two different 
demodulator circuits have been developed with the data-rate to carrier-frequency ratio of up to 
67%. The primary application for these novel FSK modulation/demodulation techniques is in the 
magnetically powered wireless systems such as biomedical implants and radio frequency 
identification (RFID) tags with high data rates above 1 Mbps. The demodulator circuits extract 
the serial data bit stream and a constant-frequency clock from an FSK carrier signal in the 1-20 
MHz range, which can power the wireless system as well. In the FSK modulation protocol, used 
in the present invention, a first frequency is assigned for transferring logic value "1" and a 
second frequency is assigned for transferring logic value w 0". However, the second frequency is 
chosen twice as the first frequency so that the duration of each data bit is the same regardless of 
its value. The first demodulator circuit, called referenced differential FSK (RDFSK), uses both 
analog and digital (mixed-signal) techniques to discriminate between the fist and second 
frequencies in the received FSK carrier signal. The second demodulator circuit is implemented 
entirely with digital circuitry and called digital-FSK (DFSK) demodulator. Both demodulator 
circuits are capable of generating a serial data bit-stream and a synchronized constant frequency 
clock to be used for sampling the serial data bit-stream and storing it in a shift register or 
memory device. Both demodulator circuits can detect and indicate one sort of error in the 
received FSK carrier signal based on the said FSK modulation protocol. 
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I. FIELD OF THE INVENTION 

The present invention relates to modulation and demodulation of frequency shift keyed 
(FSK) signals and more practically to a mixed-signal FSK demodulator and a digital FSK 
demodulator with the capability of detecting data rates close to carrier frequencies and 
generating a synchronized constant frequency clock signal. 

II. GENERAL BACKGROUND OF THE INVENTION 

The inductive link between two magnetically-coupled coils is now one of the most common 
methods to wirelessly transfer power and data from the external world to implantable biomedical 
devices such as pacemakers and cochlear implants [1-3]. However, this is not the only 
application of data and power transfer via inductive coupling. Radio-frequency identification 
(RFID), remote sensing, and MEMS are among a few other fields that can highly benefit from 
this method [4]. Achieving high power transfer efficiency, high data transfer bandwidth, and 
coupling insensitivity are some of the challenges that one would face in the design of such 
systems. 

Some of the biomedical implants, particularly those which interface with the central nervous 
system, such as cochlear and visual prostheses, need large amounts of data to simultaneously 
interface with a large number of neurons through multiple channels. In a simplified visual 
implant for example, a minimum reasonable resolution of only 32x32 pixels for an image 
requires 10-bits for addressing, 8-bits for 256 gray levels implemented as pulse amplitude or 
pulse width, and 2-bits for polarity and parity-checking, which suggests a 20-bit data-packet for 
each pulse. If we consider the human-eye natural bandwidth of 60 frames/sec, then 1 .23 Mbps 
needs to be transferred to this implant just as pure data. Therefore, a high data-rate receiver 
circuitry that can establish an efficient wireless link between the implant and the external units is 
highly needed. 

In broadband wireless communications such as IEEE 802.11a standard for wireless LAN 
application, baud-rates as high as 54 Mbps have been achieved at the expense of increasing the 
carrier frequency up to 5.8 GHz, giving a data-rate to carrier-frequency ratio of only 0.93%. In 
other words, each data bit is carried by 107.4 carrier cycles. However, the maximum carrier 
frequency for biomedical implants is limited to a few tens of MHz due to the coupled coils self- 
resonant frequency, more power loss in the power transfer circuitry at higher frequency, and 
excessive power dissipation in the tissue, which increases as square of the carrier frequency [5], 
Therefore, the goal of this invention is to transfer each data bit with a minimum number of 
carrier cycles to maximize the data-rate to carrier-frequency ratio and minimize the amount of 
power consumption. 

So far, amplitude shift keying (ASK) data modulation has been commonly used in 
biomedical implants because of its fairly simple modulation and demodulation circuitry [1, 3, 4, 
6-8]. ASK, however, faces major limitations for high-bandwidth data transfer, because high- 
bandwidth ASK needs high order filters with sharp cut-off frequencies, whose large capacitors 
cannot be easily integrated in this low-frequency range of RF applications. A remedy that is 
proposed in the so called suspended carrier modulation [1, 3, 4] boosts the modulation index up 
to 100% to achieve high data rates with low-order integrated filters at the expense of an average 
50% reduction in the transferred power. Therefore, based on the facts provided in the following, 
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we believe that the FSK data modulation is a superior technique for wirelessly operating those 
applications such as biomedical implants and RF ID tags, in need of high data rates in excess of 
1Mbps, while utilizing low frequency carrier signals. A sample implementation of this invention 
has been used for wirelessly operating the University of Michigan micromachined stimulating 
3D-microprobes, shown in Fig. 1, which are targeted at a 1024-site wireless stimulating 
microsystem for visual and auditory prostheses [7-9]. 

III. FSK DATA TRANSFER PROTOCOL INVENTION 

A. FSK Data Transfer Protocol Background 

In simple terms, a digital data signal may be used to modulate the amplitude, the frequency, 
or the phase of a carrier signal depending on the particular application. These three types of 
modulation are known as amplitude shift keying (ASK), frequency shift keying (FSK), and phase 
shift keying (PSK) respectively. In any of these modulation techniques, the modulated carrier 
signal takes on one of two states, i.e. one of two amplitudes, two frequencies, or two phases to 
represent either logic "0" or logic 

FSK is one of the most common modulation techniques for digital communication, which as 
denoted above, simply means sending binary data with two frequencies fo and f, representing 
logic "0" and logic "1" respectively. The resultant modulated signal can be regarded as the sum 
of two complementary 100% amplitude-modulated signals at different carrier frequencies as 
shown in Fig. 2a. 

fit) = / 0 (0 sin(2^ 0 r + <f>) + /, (0 sin(2^ / + </>) (1) 

The reciprocals of these two frequencies, i.e. 1/fo and 1/fu are denoted by Tq and Tj respectively 
throughout this document and they are the information carrying entities in FSK modulation as 
well as parameters of interest to indicate the type of received signal in the present invention. 

In the frequency domain, the signal power is centered at two carrier frequencies,^ and //, as 
shown in Fig. 2b. Since fo(t) and f§(t) can have the same amplitude, an excellent characteristic of 
the FSK modulation for those wireless biomedical implants and RFID applications, which do not 
include any internal power source such as a battery and should be electromagnetically powered 
through the inductive link, is that the transmitted power is always constant at its maximum level 
irrespective of fo and // or the data content. 

|/o col = |/, (o| = v m => </) = V m (2) 

Another difference between the FSK and ASK is that in ASK data transmission the receiver 
tank circuit frequency response should have a very high quality factor (Q), centered at the carrier 
frequency to get enough amplitude variation for data detection. However, in our FSK data 
transmission, the pass band should be centered between fo and // with a low Q to pass enough 
power of both carrier frequencies. This is an advantage for the FSK technique because in the 
biomedical implant applications, the quality factor of the tiny receiver coil is inherently low 
particularly when the implant receiver coil is integrated and its high resistivity is unavoidable 
[6]. In addition, the FSK signal is much less susceptible to the coupled coils misalignment and 
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motion artifacts which are two major problems seen in biomedical implants that adversely affect 
the amplitude of the received signal. 

Synchronization of the receiver with the transmitter is however easier in the ASK and PSK 
systems compared to FSK. Because the receiver internal clock signal that is usually used to 
sample the detected serial data bit stream can be directly derived by stepping down the constant 
transmitter carrier frequency, which can also be synchronized with the carrier data contents by 
the external transmitter [6-8]. In FSK modulation, on the other hand, there is no constant 
frequency and the recovered data bit stream should besampled either by asynchronous means in 
which the data phase jitter can cause erroneous readings at high data rates or by an internal clock 
with constant frequency which should be derived from a combination of the two carrier 
frequencies (fo and fi) based on the data transfer protocol, as is done in the present invention, or 
synchronization patterns. 

B. Preferred Embodiment of the FSK Data Transfer Protocol 

A principal objective of the present invention is to maximize the data-rate to carrier- 
frequency ratio. Therefore, a particular protocol was devised for the FSK data transfer with data- 
rate as high as // with fo twice as // where fo and // are the first and second frequencies chosen for 
representing logic "0" and logic l V* respectively. In the preferred protocol presented in this 
invention, the logic bit "1" is transmitted by a single cycle of the carrier // and the logic bit "0" is 
transmitted by two cycles of the carrier fo as shown in Fig. 2a. The transmitter frequency 
switches at a small fraction of a cycle and only at negative-going zero crossings, which means at 
the end of a full carrier cycle. This leads to a consistent data transfer rate of // bits per second. 
As a result, if we consider the average carrier frequency to be (fo+f/)/2, then the data-rate- to 
carrier-frequency ratio can be as high as 67%. 

It is another objective of the present invention to derive a constant frequency clock signal 
from a combination of the two carrier frequencies (fo and //) to be used for sampling the 
demodulated serial data bit stream at a constant rate as well as any other timing purposes. 

It is also useful to notice that any odd number of consecutive fo cycles in this protocol is an 
indication of data transfer error. Therefore it is yet another objective of this invention to indicate 
these kinds of errors and remove them from the recovered serial data bit stream. . 

IV. FSK DEMODULATION 

A. FSK Demodulator Background 

All of the conventional FSK demodulation techniques such as FM discriminator, phase 
locked loop (PLL), or quadrature detector need some kind of analog filtering down the signal 
path, which need off-chip resistive or capacitive components or consume a large chip area if 
implemented on-chip due to the low range radio frequency (RF) applications of the present 
invention. Therefore, in the present invention we have tried to deal with the received FSK 
carrier as a base-band signal and eliminate any types of mixing or filtering, thus eliminating most 
of the problems associated with fully analog FSK demodulation techniques learnt from the prior 
art. The data detection technique used in the present invention for FSK demodulation is based 
on measuring the period of each received carrier cycle, which is the information carrying entity 
in FSK modulation scheme, by analog or digital means and then decide on the received data-bit 
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value based on that parameter. If the measured period is higher than a certain threshold value 
(either analog or digital), a logic "1" bit is detected and otherwise a logic "0" is received. 

B. Preferred Embodiments of the Mixed-Signal FSK demodulator Circuit 

A simple method for time measurement in an analog circuit is charging a capacitor with a 
constant current source and monitoring its voltage due to the linear relationship between the 
capacitor voltage and tirrie in this situation. Therefore, according to one embodiment of the 
present invention, duration of every carrier cycle can be measured by charging a capacitor in half 
of a cycle and discharging it in a short fraction of the other half. It should be noted that charging 
and discharging of this capacitor should be synchronized with the FSK carrier signal. If the 
capacitor voltage goes higher than a certain threshold value, a logic "1" bit is detected and 
otherwise a logic "0" is received. 

According to the first embodiment of the present invention called referenced differential FSK 
demodulator (RDFSK): A single capacitor is charged with a single current source during the first 
(negative) lobe of the sinusoidal FSK carrier signal and its voltage has been compared with a 
constant reference voltage using a hysteresis comparator as shown in Fig. 3. The output of the 
hysteresis comparator asserts after a long half cycle (Tj/2) but not after a short half cycle {To/2) 
because the width of the hysteresis window, Why Sh has been adjusted somewhere between the 
capacitor and reference voltage difference at the end of the first half cycles {Vo-V re f< Wh yst < Vr 
V re J). This is how the RDFSK circuit is capable of discriminating between the long and short 
FSK carrier cycles. The capacitor is then discharged in a fraction of the second (positive) lobe of 
the FSK carrier signal to be ready for detection of the type of the next cycle. An implementation 
of a prototype demodulator chip based on the RDFSK method, fabricated at the AMI 1.5-um 2- 
metal 2-poly standard CMOS process through the commercial MOSIS foundry, is shown in Fig. 
4 [10], [11]. 

Fig. 5 shows the RDFSK demodulator block diagram. The FSK carrier signal in its sinusoidal 
form is picked up directly across the receiver tank circuit, which usually consists of a parallel or 
series combination of one or more capacitors and a receiver coil. The oscillation frequency of the 
tank circuit should be adjusted around the average of the carrier frequencies, (fo + /})/2, in order 
to receive both frequencies with the same amplitude. However, the demodulator performance is 
not sensitive to this frequency and possible amplitude modulation of the carrier signal due to the 
proximity of the oscillation frequency of the tank circuit to one of the FSK carrier frequencies. 
The quality factor (Q) of the tank circuit in the present invention should be low enough to pass 
most of the FSK carrier energy that is centered on fo and // as shown in Fig. 2b. This is usually 
the case in small implantable coils in biomedical implants or planar coils in RFID tags due to 
their inherent parasitic resistance; however, it can also be further adjusted by adding a resistor to 
the LC-tank circuit. 

The clock recovery circuit (also called clock regenerator) is a high gain comparator with 
hysteresis, which is directly connected to the receiver tank circuit as shown in Fig. 5. This block 
squares up the sinusoidal FSK carrier waveform and converts it into a similar square digital 
waveform called CAT,„. The clock recovery block is a cross-coupled differential pair as shown in 
Fig. 6. The positive feedback, which is implemented by the cross-couple load in this circuit, 
gives it a very large gain, which is required to provide sharp edges for the CK in signal. The 
hysteresis effect which is provided by the threshold voltages of the input pMOS differential pair 
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avoids this circuit from reacting to noise or any low amplitude artifact added to the sinusoidal 
FSK carrier due to the coil mechanical vibrations for example. The output of the cross-coupled 
differential pair is buffered before being applied to the data detector and digital blocks. 

Fig. 7 shows a simplified schematic diagram of the RDFSK data detector circuit. Both Si 
and S2 switches are controlled by CK m . When CKm is low, S| switch is closed and S2 is open. 
Therefore, Ic current source linearly charges the capacitor C. During a logic "1" long cycle, C is 
charged up to V ly which is twice as V 0 when a logic "0" short cycle is being received. A 
hysteresis comparator compares the capacitor voltage with a constant 1.26V bandgap voltage 
reference, V rc f, which is shown as a constant DC voltage source in Fig. 7. The bandgap voltage 
reference is well known among those skilled in the art and has a good stability over temperature 
and process variations. The hysteresis window width of the hysteresis comparator, is set 

somewhere between K/-F re yand Vo-V re /. Therefore, the comparator output switches to high during 
a logic "1" long cycle but not during a logic "0" short cycle. The S2 switch discharges the 
capacitor in a fraction of the FSK carrier 2 nd half cycle, when CK in is high. Meanwhile, the Si 
switch is open to shut down Ic current and reduce power consumption. CK in also resets the 
hysteresis comparator to its initial status to prepare it for detecting the type of the next cycle. The 
FSK square pulses which are generated by the hysteresis comparator only at the end of long 
carrier half cycles discriminate them from the carrier short half cycles. 

The output of the RDFSK data detector circuit, called FSK, is only a series of pulses, which 
discriminate between long and short FSK carrier cycles. So it cannot be directly regarded as the 
received data bit stream. These pulses are fed into a digital block along with CK in to generate the 
serial data bit stream output (Data-Out) and a constant frequency clock (Clock-Out). Fig. 8 
shows the schematic diagram of the digital block. On every rising edge of CK in at the end of the 
1 st half of an FSK carrier cycle, a 2-bit shift register (flop-flops 1 and 2) shifts in the FSK signal 
logic values from data detector block. According to the FSK protocol of the present invention, 
every 2 successive short cycles should produce a logic "0" bit on the Data-Out output and every 
single long cycle should produce a logic "1" bit. Therefore, Data-Out is generated by connecting 
the shift register output terminals to an OR (NOR + Inverting buffer) gate. 

To generate a constant frequency clock, a T flip-flop (flip-flop 3) indicates the number of 
successive short cycles such that its output is high when the number of received successive short 
cycles is odd. Another T flip-flop (flip-flop 4) toggles on every long CK in cycle or two 
successive short CK in cycles. The resulting signal at the output of flip-flop 4 is a clock signal 
with constant frequency equal to fj/2 irrespective of the data contents. In order to achieve the 
highest data rate, Data-Out serial bit stream should be sampled at both rising and falling edges of 
this output clock signal (Clock-Out). Therefore, Clock-Out is delayed by two 4-input NAND 
gates and two inverting buffers to provide the serial data bit stream output (Data-Out) with 
enough time to stabilize before any rising or falling edges of the Clock-Out sampling signal. 

According to the preferred FSK modulation protocol of the present invention, any odd 
number of short cycles in the received FSK carrier signal is an indication of error and activates 
the error flag (Error_). To generate the error signal, the output of flop-flop 3 which counts the 
number of successive short cycles and the incoming FSK signal from data detector block are 
applied to a NAND gate. If both of these inputs become high at the same time, it means that 
there , is an incoming long carrier cycle after an odd number of previous short carrier cycles 
which is not right and as a result the error flag (ErrorJ goes low. Another effect of this situation 
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is that the error flag prevents flip-flop 4 from generating a new sampling edge on the Clock-Out 
signal thus ignoring the last short cycle in the data bit stream which has produced this error. 

To check the performance of the RDFSK demodulator, post-layout simulation was performed 
by choosing// and fo to be 4MHz and 8MHz respectively as shown in Fig 9. The data bit stream 
of "0000111100110011" {1} is modulating the FSK carrier {2}, which is fed into the RDFSK 
demodulator circuit. The clock recovery block converts the sinusoidal input to a square 
waveform, CK inj which is shown on trace {3}. The capacitor and reference voltages {4} are the 
inputs to the hysteresis comparator, which indicates long carrier cycles by generating the FSK 
pulses {5}. The FSK pulses {5} and CKi n {3} are the inputs to the digital block, which in turn 
generates the output data bit-stream {6} and a synchronous constant frequency clock {7}. It 
should be noted that since the output clock rate is fj/2, the data values should be read at both 
rising and falling edges of the Clock-Out signal {7} . ' 

C. Preferred Embodiment of the Digital FSK Demodulator Circuit 

Analog blocks usually occupy more area than their digital counterparts and are more 
susceptible to process and temperature variations. Their design also becomes more challenging 
with the trend towards smaller feature size and lower power supply voltage. Therefore, a fully 
digital demodulator can save a lot of chip area, make a mixed-signal design more homogeneous, 
and ease many of the above problems. 

In the digital approach to the objectives of the present invention, we measure the duration of 
every FSK carrier positive half cycle by a timer/counter that runs with a constant-frequency 
clock time-base (/re) at a rate several times higher than the FSK carrier frequencies, which is 
generated by a local oscillator. In many cases this local oscillator, which does not need to be 
synchronized with the carrier, is already available in the system for running other digital circuits 
or a microprocessor. In this embodiment of the present invention, an »-bit counter runs by the 
local oscillator only during the positive lobe of an FSK carrier cycle and measures half of the 
carrier cycle duration. During the negative lobe of the FSK carrier, the counter stops and a 
digital comparator decides whether a long or short carrier cycle has been received by comparing 
the counter value with a constant reference number. Then it resets the counter for measuring the 
duration of the next cycle [12]. 

The time-base period (l/frs) should be smaller than the time-difference between To/2 and 
Tj/2 half-cycles for the digital FSK demodulator (D-FSK) to be able to discriminate between 
these two frequencies. In other words /tb should be chosen based on: 

f > 2 fifo 

Jtb f _ r V> 
Jo J\ 

and the minimum width of the counter («) should satisfy: 

2">/ ra /2/i or «>log 2 (/ ra /2/ 1 )-l (4) 

In order to make the demodulator circuit simpler and reduce dynamic power consumption, 
the digital comparator can be combined with the counter by choosingyo,//,/^ and n so that: 

/«//;> 2" >/ TB /fo (5) 
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In this case, the most significant bit (MSB) of the counter determines whether a long or short 
FSK carrier cycle has been received and the constant reference number is equal to 2 n . This 
algorithm was implemented in a prototype chip, which is shown in Fig. 10 and fabricated in the 
AMI 1.5-)im 2-metal 2-poly standard CMOS process through the commercial MOSIS foundry. 

The block diagram of Fig. 1 1 shows the entirely digital embodiment of the present invention. 
The sinusoidal FSK carrier signal is directly picked across the receiver tank circuit and squared 
up by the clock recovery block to provide the input clock signal (CK in ) to the D-FSK circuit. An 
n-bit counter runs by a local ring oscillator which generates a time-base clock (TB) at f T a which 
is several times higher than the FSK carrier frequencies. The counter MSB (C2) indicates the 
FSK carrier long cycles and enters a digital block along with CK in . The digital block, which is 
the same as the one used in FDFSK and RDFSK embodiments and shown in Fig. 8, converts C2 
pulses to the output serial data bit stream (Data-Out). It also generates a constant frequency 
output clock (Clock-Out) for sampling individual data bits as well as an error flag (ErrorJ 
indicating any odd number of short FSK carrier pulses. 

According to the FSK data- transfer protocol of the present invention, exemplary values were 
chosen for fo and // equal to 8MHz and 4MHz respectively to achieve data-rates as high as 
4Mbps. By choosing these frequencies for the FSK carrier in this example, equation (3) sets a 
lower limit for the time-base clock (f TB > 16 MHz); and by choosing the counter width n = 3 y 
equation (5) defines a new range for /tb (64 MHz > /tb > 32 MHz), which satisfies (3) as well. 
Therefore, a 5-stage ring-oscillator was designed for the local oscillator to generate /tb = 49 MHz 
at the center of the above range. It should be noted that the scheme presented in this embodiment 
of the present invention is highly robust and as long as fj B is in the desired range, the phase noise 
and frequency variations of the local oscillator, up to 30%, do not affect the demodulation 
process. 

Fig. 12 shows the schematic diagram of the D-FSK demodulator and Fig. 13 shows sample 
simulation waveforms when "00111100110011" data bit-stream is FSK modulated and applied 
to the D-FSK demodulator circuit {1}. The clock-regenerator circuit is a cross-coupled 
differential pair similar to the one used in mixed-signal demodulators and shown in Fig. 7. This 
block is directly connected to the receiver tank circuit and turns the sinusoidal FSK carrier signal 
{2} into a similar square digital waveform called CK in {3}. The internal ring-oscillator generates 
a time-base clock at f T B y which runs the 3-bit counter after being gated by CKj„ {4}. When CK in 
is high, the counter is running; however, it freezes when CK m is low because it does not deceive 
any more clock pulses. The counter MSB (Ci) stays low during short (62.5ns) carrier half-cycles 
when count < 4, but goes high during a long (125ns) carrier half-cycle when count > 4 {5}. The 
counter resets after a short delay when CK m goes low during the 2 nd carrier half-cycle to be ready 
for detecting the type of the next cycle. The MSB of the counter (C2) provides a series of pulses, 
which discriminate between long and short FSK carrier cycles {5}. However, they cannot be 
directly regarded as the received data bit stream. These pulses are fed into a digital block along 
with CKi n {3} to generate the serial data output {Data-Out) {6} and a constant frequency clock 
(Clock-Out) {7}. This part of the D-FSK demodulator circuit is the same as the digital block in 
RDFSK demodulator, which was shown in Fig. 8 and described above. 

V. MEASUREMENT RESULTS 
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A. Mixed-Signal FSK Demodulator Chip 

The data detector, clock regenerator, and digital blocks of the RDFSK chip, shown in Figure 
4, were tested individually as well as together as an FSK data demodulator chip. All of these 
circuits were functioning as expected from the simulations up to 200Kbps, which was the highest 
FSK modulation rate of our function generator (Agilent 33250A). Fig. 14 shows some of the 
measured waveforms from the RDFSK demodulator chip, while // and fo are set to 3 MHz and 6 
MHz respectively. All of the traces are labeled according to their names in the simulation and 
circuit diagrams. It can be seen that the FSK demodulator chip is functioning as expected from 
the simulations at 200Kbps. 

* 

B. Digital FSK Demodulator Chip 

The ring-oscillator, clock regenerator, and digital demodulator blocks on D-FSK chip, shown 
in Fig. 13, were tested both individually and together as a digital FSK demodulator chip. With a 
5V supply, the ring-oscillator generates /tb at 50.5 MHz, which is very close to the target value 
of 49 MHz and is inside the desired range (64 MHz >/ ra > 32 MHz). Fig. 19 shows some of the 
measured waveforms, while fo and // are set to 8 MHz and 4 MHz respectively. It can be seen 
that the FSK demodulator chip is functioning as expected from the simulations at 200 Kbps. A 
dedicated transmitter is under construction, which will be capable of modulating up to 10Mbps 
serial data bit-stream out of a fast digital I/O card (NI-6534). 

VI. SUMMARY 

We have developed a high-rate FSK data transfer protocol and two demodulator circuits for 
wirelessly operating the University of Michigan micromachined stimulating 3D-microprobes 
with over 1000 stimulating sites. However, these circuits can be used for any other wireless 
application, in need of above 1 Mbps data transfer rate through an inductive coupling such as 
RFID systems. The input clock (CK in ) is regenerated from the FSK carrier in 1-20 MHz range, 
which is used to power the implant as well. The serial data bit-stream (Data-Out) and a constant 
frequency clock (Clock-Out) are then extracted from CK^. The RDFSK and D-FSK chips have 
been designed and fabricated in the AMI 2-metal 2-poly 1.5-u.m standard CMOS process, 
occupying an area of 0.41 mm 2 and 0.29 mm 2 respectively. The prototype chips and their 
individual blocks are tested at 200Kpbs and were fully functional. Some of the test results and 
specifications of these two demodulation techniques are summarized and compared in Table 1 . 
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ABSTRACT 

A high data-rate frequency shift keying (FSK) modulation protocol, a wideband inductive 

* 

wireless link, and two demodulator circuits have been developed with a data-rate to carrier- 
frequency ratio of up to 67%. The primary application of this novel FSK modulation/ 
demodulation technique is to send data to inductively powered wireless biomedical implants at 
high data rates above 1Mbps. It can be used in other applications such as RFID tags and 
contactless smartcards as well. The demodulator circuits detect data bits by directly measuring 
the duration of each received FSK carrier cycle and also derive a constant frequency clock that is 
used to sample the data bits. The FSK carrier signal, which is in l~25MHz range, also powers 
the wireless device after being rectified. The digital FSK demodulator block occupies 0.29mm 2 
in the AMI 1.5-pm 2M/2P standard CMOS process and consumes 0.38mW at 5V. This circuit is 
simulated up to 4Mbps and experimentally tested up to 2.5Mbps with a bit error rate of 10* 5 , 
while receiving a 5/10MHz FSK carrier signal. 

Index Terms 

Biomedical Implants, CMOS, Data-rate, Demodulator, Inductive Coupling, Frequency Shift 
Keying, Radio Frequency, RFID, Wireless 
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I. Introduction 

An inductive link between two magnetically-coupled coils is now one of the most common 
methods to wirelessly send power and data from the external world to implantable biomedical 
devices such as neuromuscular stimulators, cochlear implants, and visual prostheses [l]-[8]. 
However, these are not the only applications of data and power transfer via inductive coupling. 
Radio-frequency identification (RFID), contactless smartcards, and wireless micro electro- 
mechanical systems (MEMS) are among a few other fields that can highly benefit from this 
technique, where the use of batteries is avoided due to extreme size, cost, and lifetime constraints 
[9]-[12]. Achieving high power transfer efficiency, high data transfer bandwidth, and coupling 
insensitivity are some of the challenges in the design of such systems. Power transfer efficiency 
and coupling insensitivity are discussed in [l]-[4]. The main focus of this paper is on the high 
data transfer bandwidth. 

Some of the biomedical implants, particularly those which interface with the central nervous 
system, such as cochlear and visual prostheses, need large amounts of data to simultaneously 
interface with a large number of neurons through multiple channels. It is shown that a minimum 
of 1000 pixels is needed in a visual prosthesis to enable a patient to read text with large fonts 
[13], [14 J. Every stimulation command in such prosthesis requires 10-bits for addressing the 
stimulating sites, 6 to 8 bits for stimulation pulse amplitude levels, and 2 to 4 bits for polarity, 

parity-checking, and sequencing. This would suggest at least 20-bits per command-frame for site 

■ 

selection and amplitude information. Considering the human-eye natural bandwidth of 30 frames 
per second and four commands per biphasic-bipolar stimulation pulse [15], raster scanning all 
1000 sites at this rate requires a serial data bit stream of 1000-sites x 20-bits * 4-commands x 
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30-frames = 2.4Mbps. Therefore, high data-rate receiver circuitry that can establish an efficient 
wireless link between the implant and the external units is needed. 

In broadband wireless communications such as IEEE-802..1 la standard for wireless LAN 
application, baud-rates as. high as 54Mbps are achieved at the expense of increasing the carrier 
frequency up to 5.8GHz, yielding a data-rate to carrier-frequency ratio of only 0.93%. In other 
words, each data bit is carried by 107.4 carrier cycles. However, the maximum carrier frequency 
for biomedical implants is limited to a few tens of MHz due to the coupled coils self-resonant 
frequency, increased power loss in the power transfer circuitry at higher carrier frequencies, and 
excessive power dissipation in the tissue, which increases as the carrier frequency squared [16]. 
Therefore, the goal is to transfer each data bit with a minimum number of carrier cycles to 
maximize the data-rate to carrier- frequency ratio and minimize power consumption. 

So far, amplitude shift keying (ASK) is commonly used in the above applications because of 
its fairly simple modulation and demodulation circuitry [3]-[12], [17]-[19]. This method 
however, faces major limitations for high-bandwidth data transfer. Because, high-bandwidth 
ASK needs high order filters with sharp cut-off frequencies, whose large capacitors cannot be 
easily integrated in this low-frequency end of RF applications. A remedy that has been proposed 
in the so called suspended carrier modulation [5], [8], [12] boosts the modulation index up to 
100% to achieve high data rates with low-order integrated filters at the expense of an average 
50% reduction in the transferred power. 

The FSK modulation scheme is utilized in this work to significantly increase the data transfer 
bandwidth in the previous state-of-the-art designs for wirelessly operating the University of 
Michigan wireless microstimulating arrays that,are targeted at 1024 sites for visual and auditory 
prostheses [20], [21]. Section II introduces the proposed FSK modulation protocol and compares 

M. Ghovanloo and K. Najafi Page 3 of 3 1 



it with the typical ASK modulation scheme. Section III describes the demodulation circuitry 
along with simulation results. Section IV shows a wideband inductive link that is developed to 
support the proposed FSK modulation/demodulation scheme. Section V covers the experimental 
measurement results followed by the concluding remarks in section VI. 

II. FSK MODULATION PROTOCOL 

FSK is one of the common modulation schemes in digital communication, which simply 

■ 

means sending binary data with a sinusoidal carrier at two frequencies, ft and fo, representing 
logic "1" (mark) and logic "0" (space), respectively. Consequently, in the frequency domain, the 
signal power is centered about these two frequencies. The FSK signal can be considered as the 
summation of two complementary ASK signals, fo(t) and fj(t) 9 with 100% modulation index. 
Since fo(t) and fj(t) sinusoids usually have the same amplitude, V m , an excellent characteristic of 
the FSK modulation for inductively powered wireless devices is that the transmitted power is 
always constant at its maximum level irrespective of fo, fi, frequency modulation index, or the 

* 

data contents. 

|/o(')H/,(0| = r m ^> P^iFSK) = y 2 V 2 m -const. (i) 

This would allow a further relative distance between the receiver and transmitter coils (d r ) or a 
smaller transmitted power, which is important since the maximum allowable tissue exposure to 
electromagnetic power is limited in biomedical devices [16].* Conversely, the power fluctuations 
due to ASK modulation impose additional power regulation and filtering challenges especially 

» 

when the modulation index is high [11]. 

The superior robustness against various noise sources and interference of FM over AM has 
been known since the early stages of radio engineering. This fact is even more significant in 
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inductively powered devices, which receive data and power from the same carrier. When all 
other parameters are constant, the induced voltage across the receiver coil is inversely 
proportional to the third power of the coils relative distance (l/d r 3 ) [1]. This means that the 
induced signal amplitude, which is the information carrying entity in ASK systems, is extremely 
sensitive to d r and is prone to patient movements (motion artifacts) in biomedical implants or 
hand vibrations in RFID tags and smartcards. Even when d r is constant, since the received 
power is also constant (Vxl), any changes in the wireless chip current consumption, due to 
digital circuitry current impulses for example, directly results in voltage variations and 
deteriorates the quality of the received ASK signal [11]. In FSK systems on the other hand, it is 
very unlikely that d r or current variations would affect the frequency of the induced signal. 

In ASK modulation, the transmitter and receiver tank circuits should have high quality 
factors (Q) centered at the carrier frequency to get enough amplitude variations for data 
detection. In the proposed FSK modulation protocol however, the wireless link pass-band is 
centered between f 0 and // with a low Q to pass enough power at both carrier frequencies (Fig. 
8b). This is another advantage for the FSK technique, because in the applications of interest the 
quality factor of the miniature receiver coil is inherently low, particularly when the implant 
receiver coil is integrated and its high resistivity is unavoidable [10], [17]. 

Synchronization of the receiver with the transmitter is, however, easier in ASK systems. The 
receiver chip internal clock signal can be directly derived by stepping down the constant ASK 
carrier frequency [1 1], [10], [17]-[19]. In phase-coherent FSK, where the carrier frequencies {Jo 
and //) have a fixed phase at the onset of every bit, an internal clock with a constant frequency 
can be derived from a combination of the two carrier frequencies based on the FSK modulation 
protocol. In non-coherent FSK, where the carrier phase is random, the timing information 
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should be encoded within the data stream by using self clocking schemes such as Manchester or 
Miller. The first option was utilized in the proposed FSK protocol with a non-return-to-zero 
(NRZ) data stream to achieve a higher data-rate. 

To maximize the data r rate to carrier-frequency ratio, a phase-coherent protocol was devised 
for the FSK data transfer with data-rates as high as //, where f 0 is twice as//. In this protocol, 
logic "1" is transmitted by a single cycle of the carrier // and logic "0" is transmitted by two 
cycles of the carrier fo as shown in Fig. 1 . The carrier frequency switches at a small fraction of a 
cycle and only at negative-going zero crossings. This leads to a consistent bit length of 1/fi and 
maximum data rate of // bits per second. As a result, if we consider the average carrier 
frequency to be favr - (fo + fi)/2, then the data-rate to carrier-frequency ratio can be as high as 
67%. It is also useful to notice that any odd number of consecutive f 0 cycles in this protocol is an 
indication of data transfer error. 

Either active or passive reverse telemetry can be used in any of the aforementioned 
applications to send information back from the wireless chip to the transmitter. In the active 
reverse telemetry, a transmitter with a separate antenna, which usually works at a higher 
frequency, is implemented on-chip. In passive reverse telemetry, the receiver coil loading (load 
modulation) or capacitive tuning is changed based on the feedback information and the effects of 
these changes are sensed at the transmitter coil [9]. Using the carrier frequency variations for 
forward data transfer facilitates use of the carrier amplitude variations for reverse telemetry. 
Reverse telemetry is out of the scope of this paper, however, any of these methods can be 
incorporated with the proposed FSK modulation technique to provide a half or full duplex 
communication between the two parts of the wireless system. 
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III. FSK Demodulation Circuits 

Common FSK demodulation techniques such as FM discriminator, phase locked loop, or 
quadrature detector circuits need some kind of analog filtering down the signal path, which 
would consume a large chip area in the low-end RF applications of interest. Therefore, the 
received FSK carrier was treated as a base-band signal to eliminate any type of mixing or 
filtering. The data detection technique used here for FSK demodulation is based on measuring 
the period of each received carrier cycle, which is the information carrying entity in FSK 
modulation scheme. If the period is higher than a certain value, a logic "1" bit is detected and 
otherwise a logic "0" bit is received. Fig. 2 shows the FSK demodulator block diagram. A clock 
recovery (or regenerator) block squares up the sinusoidal carrier across the receiver tank circuit 
(CK in ) and feeds it into the data detector block which discriminates between the short (fo) and 
long (f t ) carrier cycles. Finally a digital block generates the serial data bit stream and a constant 
frequency clock to sample the data bits. 

A. Analog FSK demodulation 

A simple method for time measurement in analog circuits is charging a capacitor with a 
constant current source and monitoring its voltage. Charging and discharging of this capacitor 
should be synchronized with the FSK carrier signal. If the capacitor voltage is higher than a 
certain value, a logic "1" bit is detected and otherwise a logic "0" bit is received. The referenced 
differential FSK demodulator (RDFSK) that is proposed here is based on charging a single 
capacitor and comparing its voltage with a constant reference voltage as shown in Fig. 1 [22]. 

■ 

Fig. 3 shows the clock recovery circuit which is a cross-coupled differential pair directly 
connected to the receiver coil nodes as shown in Fig. 2. Utilization of a positive feedback in this 
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circuit helps generating sharp output CK in edges, which are necessary for precise timing of the 
carrier cycles. Fig. 4 shows a simplified schematic diagram of the RDFSK demodulator. Both 
Si and S2 switches are controlled by CK in . When CK in is low, Si switch is closed and S 2 is open. 
Therefore, Iq current source linearly charges the capacitor C. During a logic "1" long cycle, C is 
charged up to V ly which is twice as V 0 when a logic "0" short cycle is being received. A 
hysteresis comparator compares the capacitor voltage with a constant 1 .26V bandgap reference 
voltage. The hysteresis window width, is set somewhere between Vi-V re f and Vo-V re f. 

Therefore, the comparator output switches to high during a logic "1" long cycle but not during a 
logic "0" short cycle. The S2 switch discharges the capacitor in a fraction of the carrier 2 half 
cycle, when CK in is high; meanwhile, Si is open to reduce power consumption. 

The output of the RDFSK data detector block, called FSK, is only a series of pulses, which 
discriminate between long and short FSK carrier cycles. So it cannot be directly regarded as the 
received data bit stream. These pulses are fed into a digital block along with CKi„ to generate the 
serial data output {Data-Out) and constant frequency clock {Clock-Out). Fig. 5 shows the 
schematic diagram of the digital block. On every rising edge of the CK in , a 2-bit shift register 
shifts in the FSK pulses. Every 2 successive short cycles should be regarded as a "0" bit on 
Data-Out and every single long cycle indicates a "1" bit. Any odd number of short cycles is an 
indication of error according to the FSK protocol and activates the error flag. To generate a 
constant frequency clock, a T flip-flop indicates the number of successive zeros and another T 
flip-flop toggles on every long CK in cycle or two successive short CK in cycles. The resulting 
clock frequency is constant at f\/2 irrespective of the data contents. This is an asynchronous 
design to minimize the number of gates and consequently the circuit area. Therefore, signal 
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timings were considered carefully and delay elements were added, before the Clock-Out buffer 
for example, to avoid metastable operation of the following digital circuitry. 

To verify the performance of the RDFSK demodulator, post-layout simulation was 

* * 

performed by choosing /; and fo equal to 4MHz and 8MHz, respectively. Fig 6 shows the 
resulting waveforms of this simulation. The data bit-stream of "0000111100110011" {1} is 
modulating the sinusoidal carrier {2} which is squared up by the clock recovery block (Fig. 3) to 
generate CK in {3}. The capacitor and reference voltages {4} are the inputs to the hysteresis 
comparator, which outputs FSK pulses {5}. The FSK pulses {5} and CK in {3} are the inputs to 
the digital block (Fig. 5), which in turn generates the output data bit-stream (Data_Out) {6} and 
a synchronous constant frequency clock (Clock_Out) {7}. It should be noted that since the 
output clock-rate is fj/2, the data values should be read at both rising and falling edges of the 

* 

Clock-Out signal {7}. 

.> 

B. Digital FSK demodulation 

In a digital approach for FSK demodulation, we measure the duration of carrier cycles with a 
constant-frequency clock time-base (fa) at a rate several times higher than the carrier frequency 
[23]. Most often this internal clock, which does not need to be synchronized with the carrier, is 
already available in the system for running other digital blocks such as a microprocessor. An n- 
bit counter runs while the carrier is "positive" and measures half of a carrier cycle. When the 
carrier goes "negative", the counter stops and a digital comparator decides whether a long or 
short carrier cycle is received by comparing the count value with a constant reference number. 

* 

Then it resets the counter for measuring the duration of the next cycle. 

> 
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It is necessary for the time-base period (1//tb) to be smaller than the time-difference between 
fo and // half-cycles to enable the demodulator to discriminate between these two frequencies. In 
other words fj B should be chosen based on: 



/tb > 



2/,/o 
fo ~~ f\ 



(2) 



and the minimum width of the counter («) should satisfy: 
2 n >/ ra /2/, 



(3) 



In order to simplify the demodulator circuit and reduce dynamic power consumption, the 
digital comparator can be combined with the counter by choosing To,/}, /re and n such that: 



2Vo>/ ra >2 n y; 



(4) 



In this case the most significant bit (MSB) of the counter determines whether a long or short 
carrier cycle is received and the constant reference number is equal to 2". 

Based on the proposed FSK modulation protocol and the required bandwidth for a visual 
implant, f 0 and // were chosen equal to 8 and 4MHz, respectively. A lower limit for the time- 
base clock, fm > 16MHz, is then set by (2). By choosing n = J, (4) defines a new range for fm, 
64MHz > /tb > 32MHz, which satisfies (2) and (3) as well. Therefore, a 5-stage ring-oscillator 
was designed to generate frs = 49MHz at the center of the above range to provide the maximum 
level of robustness. It should be noted that as long as /tb is in the desired range (4), the phase 
noise and process or temperature-dependent frequency variations of this oscillator do not affect 
the demodulation procedure. 

Fig. 7 shows the schematic diagram of the DFSK demodulator and Fig. 8 shows sample 
simulation waveforms when "00i 11 1001 1001 1" data bit-stream {1} is FSK modulated and 
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applied to the DFSK demodulator circuit {2}. The clock recovery block squares up the received 
FSK carrier and generates CK,„ {3}. The 5-stage ring-oscillator generates a time-base clock at 
/tb, which runs the 3-bit counter after being gated by CK in {4}. When CK in is high, the counter is 

* 

running, and it freezes when CK m is low. The counter MSB stays low during short (62.5ns) 
carrier half-cycles when count < 4, however, it goes high during long (125ns) carrier half-cycles 
when count > 4 {5}. The counter resets when CK in goes low during the 2 nd carrier half-cycle to 
be ready for detecting the type of the next cycle. The MSB signal {5} cannot be directly regarded 
as the received data bit stream. Therefore, these pulses are fed into the digital block (Fig. 5) 
along with CK m {3} to generate Data-Out {6} and Clock-Out {7}. 

IV. Wideband Inductive Link 

Detailed design of the inductive link for biomedical implants is described in [l]-[3]. Almost 
all of these inductive links are designed for narrowband carrier signals, which is not the case in 
the proposed FSK modulation scheme. The main problem with a narrow bandwidth in high- 
speed FSK data transfer is inter-symbol interference, which is caused by the residual ringing that 
distorts the received carrier signal when the transmitter switches from one frequency to another. 

The Carlson's rule approximates the necessary bandwidth (BW) to include 98% of the total 

» 

power of an FM signal [24]: 

BW~2(S max+ f imm ) . (5) 

i 

where S max is the maximum frequency shift caused by modulation and f imax is the maximum 
frequency content of the modulating signal. In the proposed FSK protocol, S max - fi/2 with 
respect to and the maximum data rate of fj can be considered as a square waveform at fj/2. 
Therefore, the main lobe of data spectrum has a maximum frequency of f imax - fi. By substituting 
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these values in (5), a bandwidth ofBW*3fi is needed to include 98% of the FSK carrier power. 
However, it should be noted that contrary to the analog FM, here the goal is not a direct 
reconstruction of the data waveform, but correct detection of the data values. The experimental 
measurements show that an inductive link with half of the estimated bandwidth (L5fj) can still 
provide an acceptable bit error rate (BER) in a system equipped with error detection circuitry. 

The easiest way to increase the inductive link bandwidth is to lower the quality factor (Q) of 
the transmitter and receiver tank circuits by adding resistive components. However, the resulting 
increase in power dissipation especially in the implantable side is not desirable. Another method 
is to modify the transmitter output spectrum by adding two zeros at f 0 and //, where the peaks of 
the FSK carrier spectral power are located. Fig. 9a shows a simplified schematic diagram of the 
modified inductive link. The external parts of the system are replaced with an AC source and a 
source resistance (R s ), whereas the implant is replaced by a resistive load (Ri) and its parasitic 
input capacitance (Q„). A combination of both series and parallel LC-tank circuits are used to 
generate two zeroes across the FSK source output nodes at fo and /}. It can be shown analytically 
that this condition will be satisfied if Ls*Cs and Lp-Cp are chosen such that: 

r. 

1 1 



l7t*yj LpCp 2/T<yJ LgC^ 



1 , 

= / 1 and 



= 47ofi =f m and (6) 



L S C P 



(7) 



1 =/ 
Jo 



(8) 



In this series-parallel LC-tank combination, either Lp or Ls can be considered as the 
transmitter coil (Li). The effect of the receiver coil (L r ) and its loading (C r , C/„, and Rl) is 
neglected in the above calculations, because the mutual coupling between the two coils (M) is 
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usually very small [1]. Fig. 9b shows the simulated spectrums of Vfsk and K, the voltages across 
the FSK source output and the receiver coil, when the circuit parameters are chosen based on 
Table 1. It can be seen that the zeros at f 0 and /; have provided a -3dB bandwidth of about fj 
across L r without any additional resistive components. The time-domain waveform of the 
received FSK carrier signal (V r ) in Fig. 9c shows that the carrier frequency switches immediately 
with no residual ringing. Fig. 9c also shows that fo and // are suppressed at the FSK source output 
(Vfsk) and there are only spikes at the frequency switching points due to the other unsuppressed 
frequency components that become significant at these points. 

v. Measurement results 

The RDFSK and DFSK demodulators were included along with a CMOS full-wave rectifier 
[25] in a prototype chip for a wireless stimulating microsystem [21] and fabricated in the AMI 
1.5-jam 2-metal 2-poly standard CMOS process, which is shown in Fig. 10 [22], [23]. The ring- 
oscillator generates /tb = 50.5MHz at 5V supply, which is very close to the target value of 
49MHz. According to (4) with this /tb value, the DFSK demodulator works with FSK carriers 
from 3.2/6.4MHz to 12.5/25MHz. 

To evaluate the overall performance of the wideband FSK wireless link, a square-shaped 
digital FSK signal is generated on a PC platform based on the proposed FSK protocol using a 
high speed digital I/O card (National Instruments DAQ-6534). The digital FSK signal passes 
through a band-pass filter, which rejects its DC and high frequency components and turns it into 
a sinusoidal FSK signal before being amplified by a wideband power amplifier (Amplifier 
Research 25A250A). The amplified FSK carrier is transmitted through the series/parallel LC- 
tank combination as shown in Fig. 9. The receiver coil, which is inductively coupled to Lp and its 
specifications are summarized in Table 1, receives the FSK carrier and applies it to the rectifier 
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and demodulator blocks. Fig. 1 1 shows some of the prototype chip measured waveforms when a 
5/lOMHz FSK carrier is used. The FSK carrier is measured differentially across the Z, r C r -tank 
and shown on the 3 lower traces (~30V P . P ). Even though a maximum data rate of 5Mbps (/}) can 
be transmitted by a 5/10MHz carrier according to the proposed FSK protocol, it would need BW 
a 7.5MHz or I.S/o according to section IV, while the inductive link can only provide BW a 
5MHz (without using dissipative components) as shown in Fig. 9b. Therefore, the data rate was 
reduced to 2.5Mbps by repeating every bit twice in order to reduce the required bandwidth and 
achieve a bit error rate of 10~ 5 . The upper two traces in Fig. 1 1 show the recovered clock (Clock- 
Out) and demodulated serial data bit-stream (Data-Out) at 2.5MHz and 2.5Mbps, respectively. 
To the authors' knowledge, this is the fastest data-rate ever reported in inductively coupled 
wireless applications [2]-[12J. 

Table 2 shows a comparison between measured results of the 3 demodulator circuits that 
were discussed in section III. All these circuits are designed to achieve the highest possible data 
rate without optimization in terms of power or chip area consumption. With this criterion, the 
DFSK circuit seems to offer the best performance. However, it should be noted that with a 
different set of design criteria, the optimal choice might be different. For example, if a high data 
rate to carrier frequency ratio is sought by using a carrier frequency in 100kHz range, then Ic in 
Fig. 4 can be much smaller and the RDFSK would be the most power efficient solution. 

VI. Summary ' 

We have developed a high-rate FSK modulation protocol, a wideband inductive link, and two 
FSK demodulator circuits for wireless operation of the stimulating micro electrode arrays with 
over 1000 stimulating sites. This FSK modulation/demodulation technique, which has several 
advantages over the typical ASK method, can also be used in other inductively powered wireless 
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applications such as RFID tags and smartcards by adding a mechanism for reverse telemetry. A 
wideband inductive link between a pair of loosely coupled coils is needed to receive the FSK 
carrier signal across the receiver coil without significant distortion. In the demodulator circuit, a 
serial data bit-stream and a constant frequency clock are extracted from the FSK carrier, which is 
in l~25MHz range and also powers the chip after being rectified. The RDFSK and DFSK 
demodulators are fabricated in the AMI 2-metal 2-poly 1.5-p.m standard CMOS process, 
occupying areas of 0.41mm 2 and 0.29mm 2 , respectively. The measurement and simulation 
results, which are summarized in Table 2, suggest that the DFSK demodulator is a better choice 
for achieving the highest data rate and process independence. However with different design 
criteria, the analog approach (RDFSK) might be favorable based on the system requirements. 
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(a) Time Domain 



Digital Signal 
f 




FSK Carrier 




Digital Signal 



FSK Carrier 




f i & f 

(b) Frequency Domain 

Fig. 2. Frequency shift keying in-time and frequency domains. 
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Fig. 3. The referenced differential FSK (RDFSK) data detection technique. 




Fig. 4. The RDFSK prototype chip and its floor plan. 
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Fig. 5. The RDFSK demodulator block diagram. 



Com 

o 



Coil2 




Fig. 6. The clock recovery circuit schematic diagram. 




Fig. 7. The RDFSK data detector simplified schematic diagram. 
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Fig. 9. The RDFSK. demodulator simulated waveforms. 



Invention Disclosure 



M. Ghovanloo and K. Najqfi 



2/5/2003 



Page 20 of 25 



Title: Frequency Shift Keying Demodulation Methods For Wireless Biomedical Implants 

First Named Inventor: Maysam Ghovanloo, et al. 
Application Serial No. : / Atty. Docket No. : UOM 0327 PRV 



uic auuiuis. 



5/21 



Invention Disclosure 



I 



8N* Si* 1 1 



— r_l v "7 73 "f ■■; — : — r- i_r "": — rrT* 4 




Fig. 10. The D-FSK demodulator prototype chip and its floor plan. 
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Fig. 11. The D-FSK demodulator block diagram. 
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Fig. 12. The D-FSK demodulator schematic diagram. 
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Fig. 13. The D-FSK demodulator simulated waveforms. 
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00 




(b) 

Fig. 14. The RDFSK measured waveforms at 200 Kbps with fi and f Q equal to 3 MHz and 6MHz 
respectively. From top: (a) Data-Out, V c and V ref superimposed, CK m [500ns/div] (b) Clock-Out, 
CKin, Sinusoidal Carrier input, Data-Out [2u.s/div]. 
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(b) 



Fig. 15. The D-FSK measured waveforms at 200 Kbps with f 0 and /, equal to 8MHz and 4MHz 
respectively. From top: (a) Counter MSB C2, Data-Out, CK^, Data-in [2yis/d\v] (b) Clock-Out, 
Data-Out, Carrier, Data-in f500ns/divl. 
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TABLE 1 

TEST RESULTS AND SPECIFICATIONS SUMMARY OF THE TWO DEMODULATION TECHNIQUES 



Demodulation Technique 


RDFSK 


D-FSK 


Process technology 


AMI 1.5-um 


AMI 1.5-um 


Die size (mm ) 


2.2 x 2.2 


2.2 x 2.2 


Circuit area (mm'*) 


0.41 


0.29 


Carrier frequency range (MHz) 


2-20 


4-20 


Maximum data rate (Mbps) 


3 


4 


C (pF) 


1.2 




Ir(uA) 


40 




V ref (V) 


1.26 




Time-base clock (MHz) 




50.1 


Counter width (n) 




3 


Supply voltage (V) 


5 


5 


Power dissipation @ 200Kbps (mW) 


0.45 


0.38 
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Fig. 1. The proposed FSK modulation protocol and analog Referenced Differential FSK data detection 

technique. 
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Fig. 2. The FSK demodulator block diagram. 



M Ghovanloo and K. Najafi 



Page 21 of 31 



Title: Frequency Shift Keying Demodulation Methods For Wireless Biomedical Implants 

First Named Inventor: Maysam Gbovanloo, et al. 
Application Serial No. : / Atty. Docket No. : UOM 0327 PRV 

12/21 



Vcc 




Fig. 3. The clock regenerator schematic diagram. 
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Fig. 4. The RDFSK data detector simplified schematic diagram. 
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Fig. 5. The RDFSK digital block schematic diagram. 
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Fig. 6. The RDFSK demodulator simulated waveforms. 
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Fig. 7. The DFSK demodulator schematic diagram. 
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Fig. 9. (a) Modeling of the combined series-parallel LC-tank with L P used as the transmitter coil, (b) Simulated 
spectrum of the power amplifier output (Vpa) and the received signal (V r ) (c) V PA and V r simulated waveforms in 

time domain. 
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Fig. 10. The RDFSK and DFSK demodulators implemented in a prototype chip. 
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Fig. 11, The DFSK measured waveforms at 2.5Mbps with f 0 and./} equal to 10MHz and 5MHz; respectively. 
From top: Clock-Out, Data-Out, and single ended (Q, C 2 ) and differential (Ci-C 2 ) carrier voltage at the receiver 

coil nodes [lus/div]. 
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Table l 



The Wireless Link Circuit Parameters 



Parameter 


Value 


Comment 


Cs 


0.5nF 


Series tank capacitor 


Ls 


luH 


Series tank inductor 


c P 


InF 


Parallel tank capacitor 


L F 


0.5uH 


Parallel tank inductor 


N F 


3 


Parallel inductor turns 


Dp 


30mm 


Parallel inductor diameter 


C r 


- lOpF 


Receiver tank capacitor 


l; 


9uH 


Receiver tank inductor 


N r 


15 


Receiver inductor turns 


Dr 


12mm 


Receiver inductor diameter , 


d r 


5mm 


Distance between L r and Lp planar coils 


M 


lOOnH 


Mutual inductance between L r and Lp 




lOpF 


Wireless chip parasitic input capacitance 


Rl 


lkn 


Wireless chip loading 


Rs 


son 


Transmitter output resistance 



* The receiver coil has a ferrite core 



Table 2 

Measured Results and Specifications Summary of the FSK Demodulator Circuits 



Demodulation Technique 


RDFSK 


DFSK 


Process technology 


AMI 1.5-fim 


AMI 1.5-|im | 


Die size (mm 2 ) 


2.2 x 2.2 


2.2 x 2.2 


Circuit area (mm 2 ) 


0.41 


0.29 


Carrier frequency range (MHz) 


2-20 


3.2 ~ 25 


Max simulated data rate (Mops) 


4 


4 


Max measured data rate (Mbps) 


1.5 


2.5 


CCpF) 


1.2 






40 




Ker(V) 


1.26 




Time-base clock (MHz) 




50.5 


Counter width (ri) 




3 


Bit error rate at 2.5Mbps 




10° 


Supply voltage (V) 


5 


5 


Power dissipation 


0.45 


0.38 
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